Predictions from Boussinesq-equation-based models for the evolution of breaking surface gravity waves in shallow water are compared with field and laboratory observations. In the majority of the 10 cases investigated, the observed spectral evolution across the surf zone is modeled more accurately by a dissipation that increases at high frequency than by a frequency-independent dissipation. However, in each case the predicted spectra are qualitatively accurate for a wide range of frequency-dependent dissipations, apparently because preferential reduction of high-frequency energy (by dissipation that increases with increasing frequency) is largely compensated by increased nonlinear energy transfers to high frequencies. In contrast to the insensitivity of predicted spectral levels, model predictions of skewness and asymmetry (statistical measures of the wave shapes) are sensitive to the frequency dependence of the dissipation. The observed spatial evolution of skewness and asymmetry is predicted qualitatively well by the model with frequency-dependent dissipation, but is predicted poorly with frequencyindependent dissipation. Although the extension of the Boussinesq equations to breaking waves is ad hoc, a dissipation depending on the frequency squared (as previously suggested) reproduces well the observed evolution of wave frequency spectra, skewness, and asymmetry.
In both MKK and Eldeberky and Battjes [1996] (hereinafter referred to as EB), the total energy dissipation in the nonlinear frequency domain models is constrained
to equal that predicted by heuristic (but reasonably accurate) frequency-integrated models. The differences between the models used for the total energy (EB used Battjes and Janssen [1978] , whereas MKK used Thornton and Guza [1983] ) are of little consequence because free parameters in the models are selected to match the observed wave height decay (EB). Similarly, the choice of underlying nonlinear, frequency domain model (e.g., hybrid KdV equation, nonlinear mild-slope equations, or extended Boussinesq equations) is not critical because these models behave similarly in intermediate and shallow water depths. Given that the models for the total dissipation and nonlinear propagation are accurate, it is unclear why models with frequency-independent (EB) and frequency-dependent (MKK) dissipation both compare well with observations. The purpose of this study is to assess frequencydependent and frequency-independent dissipation forms by comparing model predictions to the same data sets. The 10 experimental cases include laboratory data used by MKK and EB, laboratory observations with bimodal frequency spectra [Smith and Vincent, 1992] , and field data . In addition to frequency spectra considered in past studies, the model-data comparisons include skewhess and asymmetry (statistical measures of wave shapes).
A nonlinear Boussinesq model for the evolution of breaking waves is presented in section 2. The beach profiles and initial conditions for the cases studied are described in section 3, and optimal values for free model parameters are discussed in section 4. Observations and model predictions are compared in section 5, followed by a discussion and summary in sections 6 and 7, respectively.
Model
The evolution of waves approaching and propagating across a surf zone is modeled with the modified Boussinesq equations for normally incident nondissipative waves propagating over parallel depth contours [Chen and Liu, 1995 
is chosen so that in shallow water the frequency-integrated dissipation derived from the linear version of (7a) (e.g., the nonlinear interaction terms are neglected) (8) Table 2 .
Model-Data Comparisons
Predicted and observed spectra, significant wave heights, and skewness and asymmetry are shown in Figures 1-3 for three selected cases. Using optimal values of F (Table 2) , the observed evolution of spectral shapes is modeled qualitatively well in these cases (compare solid with dotted lines in Figures la, 2a, 2b, and 3a) .
The evolution of a wave field with a bimodal frequency spectrum is modeled about as well as those with unimodal spectra (compare Figures 2a and 2b with Figures l a and 3a) , and the field data are modeled about as well as the laboratory data (compare Figure 3a with  Figures la, 2a, and 2b) . Note that the optimal F -0.4 in run 1 (Table 2) to variation of F for the five laboratory cases is shown in Figure 4a . Results for the field cases are similar (not shown). For all 10 cases, e• varies by less than 50% of its minimum value over the entire range. In contrast to the insensitivity of predicted spectra to the frequency dependence of the dissipation, model predictions of skewness and asymmetry are sensitive to F (Figures lc, ld, 2d, 2e, 3c, and 3d) Using an F value smaller than the (usually nonzero) F that is optimal for spectral prediction improves significantly predictions of skewness and asymmetry with little deterioration in predictions of spectra (Figures 1-3) .
Unless spectral errors are weighted heavily compared to skewness and asymmetry errors, F = 0.0 provides the best overall fit.
Discussion
The predicted spectra are not only insensitive to the value of F, but are also insensitive to the precise functional form of the dissipation. Figures 1-3 During propagation across the surf zone, the spectral levels in the high-frequency peak of an initial bimodal spectra decrease such that at the shallowest gage only the low-frequency swell peak remains (e.g., Figure 2b ). Smith and Vincent [1992] suggested that the preferential decay of the sea peak could be caused by a bottom friction that increases with increasing frequency, by an enhancement of breaking at sea frequencies owing to low-frequency orbital velocities, or by resonant interactions that transfer energy from the sea peak to high frequencies where it is rapidly dissipated. Model results (Figure 7) [see also Elgar and Guza, 1986] Dissipation is cumulatively the dominant term in spectral evolution across the surf zone. However, local changes in spectral levels resulting from nonlinear interactions can exceed dissipation rates , and the interactions between near-resonant energy transfers and dissipation are complex. Nonlinear energy transfers appear both to maintain energy levels when dissipation is enhanced at high frequencies by breaking and to drain energy preferentially from the high-frequency peak of a bimodal spectrum.
Summary
The frequency dependence of wave-breaking induced dissipation is investigated by comparing predictions of are sensitive to the frequency dependence of the dissipation. Frequency-independent dissipation yields poor wave shape predictions, whereas frequency-dependent dissipation reproduces the observed spatial evolution of skewness and asymmetry. Although the extension of the Boussinesq equations to breaking waves is ad hoc, a dissipation depending on f2 (similar to that suggested by Mase and Kirby [1992] ) reproduces well the observed evolution of wave frequency spectra, skewness, and asymmetry.
